The SRP and its receptor (SR) target nascent proteins destined for secretion or membrane integration to the endoplasmic reticulum (ER) membrane in eukaryotes or to the plasma membrane in prokaryotes 1, 2 . The principal components of SRP and SR are conserved across all kingdoms. In prokaryotes the SRP is a ribonucleoproteinaceous complex consisting of a single 48 kDa GTPase, Ffh (the orthologue of the eukaryotic SRP54), and a 110-nucleotide 4.5S RNA (the orthologue of the eukaryotic 7SL RNA), whereas SR consists of a single GTPase called FtsY.
SRP54 associates with ribosomes near the peptide exit site 3 , and binds to signal sequences of membrane and secretory proteins as they emerge from the ribosome during translation 4 . SRP, with its ribosome and nascent polypeptide as cargo, then binds to SR (or FtsY) 5, 6 , which in turn is dynamically associated with the Sec61 (or SecYEG) translocon in the target membrane. Thus, SRP and SR act as molecular matchmakers to deliver the nascent polypeptide to the translocon. At the membrane, the ribosome and nascent polypeptide are released from SRP 5, 7, 8 and bound instead by the translocon [9] [10] [11] . SRP and SR reciprocally stimulate each other's GTPase activity, leading to dissociation of the complex [12] [13] [14] . Ffh comprises three domains, termed N, G and M 15 . The M domain contains the signal-sequence-binding site and provides a primary contact with 4.5S RNA, and is connected to the N and G domains by means of a flexible linker. The amino-terminal N domain and the GTPase G domain are structurally and functionally coupled in an arrangement that is universally conserved between all SRP GTPases 16 . The N domain is a four-helix bundle 16, 17 that changes its angle relative to the G domain depending on the nucleotide-bound state of the G domain 18 . The G domain is a Ras-like GTPase 17, 19 with an additional b-a-b-a insertion box domain (IBD) that is unique to the SRP subfamily of GTPases 17, 20 (Fig. 1a) . The N and G domains of both Ffh and FtsY are sufficient for stable complex formation in the presence of the non-hydrolysable GTP analogues GMPPCP or GMPPNP. The structure of the complex reported here with GMPPCP elucidates a new mechanism by which complex formation activates both GTPases, and explains how subsequent GTP hydrolysis would break the interaction and cause dissociation of Ffh from FtsY. Each GTPase provides its own catalytic machinery in cis and is stimulated in trans by hydrogen bonds between the twinned GTPs.
The Ffh-FtsY heterodimer association
The X-ray structure of the catalytic core formed by the Thermus aquaticus SRP receptor (FtsY) and the N and G domains of the SRP protein (Ffh) in the presence of the non-hydrolysable GTP analogue GMPPCP was determined to 1.9 Å resolution ( Table 1 ). The two GTPases form a quasi-two-fold symmetrical heterodimer through a continuous interface that surrounds the two bound GTPs and involves the G and N domains of both proteins (Fig. 1b, c) . The primary interaction is between the G domains of FtsY and Ffh, and accounts for 2,500 Å 2 of the total 3,200 Å 2 buried surface area, whereas the N domains interact mostly with each other, and their interaction surface accounts for 700 Å 2 ( Fig. 2) , suggesting that complex formation is driven primarily by the pairing of G domains.
The interface is stabilized by extensive pairing interactions between Ffh and FtsY ( Fig. 2a) : 39 residues of FtsY and 34 residues of Ffh form 21 hydrogen bonds (10 direct and 11 water-mediated) and 139 van der Waals contacts. Three major areas of the interface are contributed to by residues interacting with each other across the quasi-two-fold axis (Fig. 2b , orange arrows, and Fig. 2c ): (1) residues from motif II (Fig. 1) form extensive van der Waals contacts; (2) the N-terminal ends of the a3 helices come into close contact at the position of two conserved glycine residues; and (3) the conserved 'ALLEADV' motifs in the N domains that pack tightly against the base of the G domain are linked by means of an extensive network of interactions with a3 and a4 helices of the binding partner. There are no cavities in the interface with the single exception of the region localized between the two CH 2 groups of the GMPPCP molecules (see below). The sequestration of bound GTPs from solvent rationalizes the observation that there is no dissociation of GTP from the complex without GTP hydrolysis and concomitant dissociation of the complex 21, 22 . An independent biochemical analysis of the Ffh-FtsY interaction agrees with the structure of the complex. This analysis was performed with Escherichia coli FtsY, which is highly homologous to T. aquaticus FtsY and on which most functional studies have been performed. Mutagenesis was carried out on conserved surface residues. Each of 40 mutant proteins was purified and assayed in vitro. A large proportion of the mutant FtsY proteins severely compromise the reciprocally stimulated GTPase reaction of FtsY with Ffh. The second-order rate constant (k tot ) for the reaction GTPzFfh þ FtsYzGTP ! products, which includes both complex formation and activation of GTP hydrolysis, is reduced 5-10 3 -fold in 25 out of the 40 mutants (Fig. 3a, black bars) . The deleterious effects are not due to improper folding or impaired GTP binding of the mutant proteins, as the basal GTPase activities of most (36 of 40) of the mutant FtsY proteins are not significantly decreased (less than twofold) compared with wild-type FtsY (see Supplementary Table  S1 ). The remaining four mutations decrease the basal GTPase activity to a greater, albeit still modest degree (3-8-fold; Supplementary Table S1 ). Nucleotide binding was not significantly affected in any of the mutants (data not shown).
When mapped onto the homologous residues in the structure of T. aquaticus FtsY in complex with Ffh ( Fig. 3b) , all of the mutants that have deleterious effects (red), with the exception of FtsY(K399(204)A) (where the number in parentheses relates to the homologous T. aquaticus sequence), lie within the FtsY-Ffh interface. This includes residues within conserved motifs in the GTPase site, the 'closing loop' that packs against the guanine base, and the N-G domain interface. All of the neutral mutants (Fig. 3b , yellow) lie on the opposite side, pointing into solvent and away from the interface. Thus, the extensive interaction surface seen in the structure is functionally important for the stability and/or activity of the complex.
Conformational change that activates both GTPases
Superposition of the structures of FtsYzGMPPNP and FfhNGzGMPPNP on the heterodimeric complex shows that, on complex formation, the highly conserved motifs II (133-145; IBD loop) and III (187-192) in each G domain undergo major conformational rearrangements as they seal the upper part and lateral entrance of the catalytic sites from solvent water (Fig. 4a, b) . As a consequence, the two IBD loops each bring three key side chains into the active Figure 1 Sequence alignment of SRP GTPases of known structure, and structure of the FtsY-Ffh heterodimer. a, Sequences of Ffh (T. aquaticus and Acidianus ambivalens) and FtsY (E. coli and T. aquaticus). Conserved regions (red) include motifs I (P-loop), II, III and IV, the closing loop, the ALLEADV and DARGG motifs, T112 (red circle) and D135 (asterisk). Residues of similar chemical nature (boxed in blue) and secondary structure elements are indicated. Mutations (see Fig. 3a ) affecting GTPase activity (þ) and neutral mutations (2) are also indicated. Numbering in the text is the residue and number within its own sequence, followed in brackets by the residue if different and the number of the homologous residue in T. aquaticus Ffh, which we use as a reference for all SRP GTPases. site of their respective protein (see below) and also contribute to the heterodimerization interface. A highly conserved interface consisting of the ALLEADV motif within the N domain and the 'DARGG' motif within the G domain acts as a fulcrum that allows readjustment of the relative position of the N and G domains. Both N domains also change conformation on complex formation, bending towards the quasi-two-fold axis and approaching closest contact at the level of the N-G domain interface (Fig. 2b, grey arrows) . These changes are coupled to the G domains through extensive interactions across the N-G interface by means of the DARGG motifs. As a consequence, conserved motif IV is brought into closer contact with the guanine base. In particular the specificity determinant D258(248) in FtsY optimizes hydrogen bonding with the N2 and N3 amino groups (the average hydrogen bond distance is 2.7 versus 3.4 Å in the complex of FtsY-Ffh versus free FtsY). This rearrangement explains the observation that FtsY acquires substantial nucleotide specificity only on its association with Ffh 23 .
Substrate twinning at a composite active site
Trans-substrate interactions
The two GTPase sites are paired to form a composite active site at the interface between FtsY and Ffh. The extended analogues lie approximately perpendicular to the quasi-two-fold axis. Thus, the two GMPPCPs are twinned to face each other in a head-to-tail manner (Figs 1b, c and 2b, red arrows). To our knowledge, such a direct nucleotide-nucleotide association is unprecedented. The two nucleotides are sequestered from bulk solvent and bound such that the g-phosphate of each GMPPCP accepts a 2.6 Å hydrogen bond from the 3 0 OH of the ribose ring of the other GMPPCP (Fig. 5) . The ribose sugar pucker is C3 0 -endo in both cases, providing ideal geometry of the OH donor, and makes the active site reciprocal in atomic detail. This is the primary contact between active sites across the heterodimer interface.
To test the role of the trans-substrate interactions between the ribose 3 0 OH groups and the g-phosphate oxygens, we determined the effect of removing the hydrogen bond donor by replacing the 3 0 OH of each GTP with 3 0 H. This was facilitated by the use of E. coli mutant Ffh and FtsY, which have altered nucleotide specificity for XTP (xanthosine 5 0 -triphosphate) instead of GTP (Ffh(D251(248)N) and FtsY(D449(248)N)) 14, 23 . Use of the mutants allows selective occupation of one of the GTPase sites with GTP or GTP analogues, and permits comparisons of their ability to stimulate the rate of XTP hydrolysis on the partner. Figure 3c shows the stimulation of XTP hydrolysis on mutant FtsY(D449(248)N) by Ffh molecules bound with GTP analogues. Figure 2 The heterodimerization interface. a, Inter-residue contacts represented in a matrix. Van der Waals contacts (yellow) and hydrogen bonds (blue for side chain to side chain, green for side chain to backbone, and red for backbone to backbone) are shown. Water-mediated hydrogen bonds or ionic interactions are represented as white dots and white squares, respectively. Residue numbers and the conserved motifs are indicated. Residues indicated in bold are strictly conserved in both proteins. Symmetry across the diagonal emphasizes the quasi-two-fold symmetry. b, Interactions in the interface (orange arrows), nucleotide twinning (red arrows) and rearrangements (grey arrows). Motifs I, II, III and IV are involved in nucleotide-binding and/or catalysis. The helices a4 act as adaptors between the N and G domains. c, Surface complementarity. The complex (middle) is opened 2908 (FtsY, left) and þ908 (Ffh, right). GMPPCP (in sticks) and side chains (positive, blue; negative, red; hydrophobic, yellow; hydrophilic, cyan) are mapped. The cross shows a point of contact on the quasi-two-fold axis (vertical). FtsY residues are italicized whereas Ffh residues are not.
We followed the reaction XTP þ FtsY(D449(248)N) þ FfhzNTP ! XDP þ P i (where NTP denotes GTP or GTP analogues and P i denotes the phosphate anion), which includes effects on both Ffh-FtsY complex formation and activation of XTP hydrolysis. When Ffh is bound with 3 0 dGTP (Fig. 3c , filled circles) rather than GTP (triangles), the rate constant of this reaction is reduced 420-fold. In contrast, replacing the 2 0 OH of GTP with 2 0 H has only a twofold effect (Fig. 3c, open circles) .
The same result holds for the reciprocal reaction; that is, the stimulation of XTP hydrolysis on mutant Ffh(D251(248)N) by FtsY molecules bound with GTP analogues (XTPzFfh (D251(248)N) þ FtsYzNTP ! XDP þ P i ) (Fig. 3d) . Replacing the 3 0 OH of GTP by 3 0 H reduced the rate of the reaction by 140-fold (Fig. 3d , closed circles versus triangles), whereas replacement of the 2 0 OH by 2 0 H had less than a twofold effect (open circles). Thus the 3 0 OH of the GTP bound in each active site has a crucial role, contributing between 3.0 and 3.7 kcal mol 21 to binding and reciprocal GTPase activation.
A water molecule between the g-phosphate of GMPPCP in FtsY and the a-phosphate of GMPPCP in Ffh also contributes to the interaction between nucleotides. The two CH 2 groups (7.1 Å between carbon atoms) and the two hydrophobic exo-faces of the ribose rings form a hydrophobic cavity with no electron density in it. If GTP were bound, a water molecule(s), an ion, or a charged or polar side chain could fill the cavity, bridging oxygens of the b-and g-phosphates. This additional interaction might contribute further to catalysis.
Interactions between active site and substrate
Each active site provides catalytic groups for the bound nucleotide in cis. In each GMPPCP one oxygen of the b-phosphate and one oxygen of the g-phosphate is coordinated by a single Mg 2þ ion in octahedral coordination with three water molecules and the OH group of a strictly conserved threonine residue from motif I (the 'P'-loop; T112 in Ffh and T116(112) in FtsY) (Fig. 5b) . One water molecule in each GTPase lines up opposite the respective b-gphosphate bonds in ideal attacking position for hydrolysis (Fig. 5a ). These were not present in the separate FtsYzGMPPNP or FfhzGMPPNP structures 24 . Each donates a hydrogen bond (2.6 Å ) to a strictly conserved aspartate (D135 in Ffh and D139(135) in FtsY) from motif II (IBD loop; Fig. 5 ). These two aspartate residues also accept a hydrogen bond from one water molecule that coordinates the Mg 2þ . These aspartates are specific to the SRP family of GTPases and are the key, previously unrecognized catalytic groups that are only brought into correct orientation in the complex. Complex formation also brings R138 and Q144 of the Ffh IBD loop, and its conjugate pair of R142(138) and Q148(144) of the FtsY IBD loop, from far away into catalytic position in close contact with the a-, b-and g-phosphates of the GMPPCPs (Fig. 5b) . These residues act to position the nucleotide for hydrolysis, and contribute to the electrostatic balance within the catalytic site where the negatively charged phosphate groups of the twinned GMPPCPs converge. Upon hydrolysis an extra negative charge is developed in each site, compromising this balance and destabilizing the complex. This notion is supported by the mechanism proposed for ABC transporters 25 , in which cooperative hydrolysis of two ATPs in a symmetrical homodimer drives domain dissociation, which in turn drives transport. However, in these structures the ATP substrates are far from each other and the mechanisms of coupling hydrolyses are different.
Additional symmetrical interactions involve close van der Waals contacts of side chains of R138 of Ffh with R142(138) and Q148(144) of FtsY and, reciprocally, of R142(138) of FtsY with R138 and Q144 of Ffh (Fig. 5b) . In contrast, other conserved residues interact in ways that are not quite symmetrical. A hydrogen bond forms between the side chain of N111(Q107) of FtsY and the ribose 3
0 O of the GMPPCP bound to Ffh. This is matched-but not mirrored-by a van der Waals contact between Q107 of Ffh and the ribose ring of the GMPPCP bound to FtsY. Asparagine is strictly conserved in this position in all FtsY sequences and their eukaryotic orthologues; correspondingly, glutamine is conserved in all Ffh sequences and their eukaryotic orthologues. These two side chains are the only ones that interact with the opposing substrate. By breaking symmetry, they may be important in specifying the order of the two hydrolysis reactions in the SRP-SR heterodimer.
Consistent with the crucial role of the motif II loop in activation of the GTPases, mutations of residues in motif II (D135, R138, A140, A141 and Q144) all have deleterious effects (Fig. 3a) . Figure 3e shows the effect of the D330(135)A mutation in E. coli FtsY. The first-order rate constant for the reaction GTPzFtsY-FfhzGTP ! products (k cat ; Fig. 3a, grey bars) , which measures the activation of GTP hydrolysis reaction after the complex is formed, is reduced 18-fold for FtsY(D330(145)A) compared with wild-type FtsY (Fig. 3e, compare filled with open circles) . As the two active sites hydrolyse bound GTPs with the same rate constant in the complex 14 , inactivation of only one of the GTPases would reduce the observed rate constant by only twofold. Thus, the large effect of the D330(135)A and other mutations (Fig. 3a, red) indicates that the activation of both GTPase sites is compromised, even when mutations are confined to one of the two GTPases. The proper assembly of the composite active site is therefore highly cooperative in trans between the two proteins.
Discussion
The structure of the catalytic core of the SRP and SR complex suggests a unique mechanism by which nucleotide binding and hydrolysis drive complex formation and disassembly. The two proteins associate by means of an extensive interaction surface, which spans both the N and G domains, and undergo major conformational changes relative to the free proteins. Of the 40 mutations of surface residues that we made, 25 map to the interface and each shows a pronounced deleterious effect on complex formation. This indicates that the conformation of the protein in the complex is stable only when all required interactions are made. Thus, complex formation involves a highly cooperative and extensive network of interactions. The closest related structures to the SRP GTPases include the homodimeric ATPase nitrogenase 26 . However, a model of the FtsY-Ffh complex 20 based on this failed to predict the N domain or mechanistic interactions. In contrast to most other GTPases, major rearrangements occur in Ffh and FtsY only as they associate in their GTP-bound forms. As free proteins, there are only subtle differences between the GTP-and GDP-bound states 24 . By contrast, other GTPases undergo marked rearrangements in response to GDP and GTP binding (for example, movements of 'switch regions' in motif II and motif III of Ras) and little further rearrangement takes place on binding their associated GTPase-activator proteins (GAPs).
The FtsY-Ffh complex forms a composite active site at the interface. In this site, many catalytic residues interact both with the substrate in cis and with residues across the interface in trans. As a result, complex formation and GTPase activation are highly coupled. Consistently, mutation of catalytic residues also impairs complex formation. Because of the composite nature of the active site, activation of each GTPase site is also highly coupled to activation of the other, as revealed by single mutations in the active site of one GTPase that inactivate both GTPases.
The structure suggests a unique activation mechanism for the SRP family of GTPases. Conformational rearrangements on complex formation bring catalytic residues in the IBD loop into the active site and align them with respect to the bound substrate. In particular D135 activates the attacking nucleophilic water molecule, and R138 and Q144 interact with the b-and g-phosphate groups, and thus may contribute to stabilization of the transition state. The only catalytically important interactions between the GTPases are formed by the twinned substrates themselves, which further stabilizes the negative charge on the g-phosphate groups. In contrast, the active sites of most GTPases become complemented on interaction with their respective GAPs through insertion of a missing catalytic residue, such as the 'arginine finger'. The only other known exceptions are the Ran 27 and Ga GTPases [28] [29] [30] , which on activation align key catalytic residues in cis.
The extensive interactions with the g-phosphate group, both from active-site residues in cis and from the twinned substrate in trans, explain why complex formation is GTP-dependent and why GTP hydrolysis leads to complex dissociation. Hydrolysis of GTP releases the g-phosphate, and therefore severs the connections with both the substrate and active-site residues. Electrostatic repulsion between the released phosphate and GDP might assist further in dissociating the partners. The most basic requirement for SRPdependent unidirectional targeting, namely the obligatory coupling of the formation of a tight SRP-SR complex with its subsequent disassembly, is therefore elegantly explained by these structural and functional analyses. Note added in proof: A structure of the complex reported here in a different crystal form has been determined independently 31 . No information was shared prior to publication. A
Methods

Protein preparation
Full-length FtsY (residues Met 1 to Asp 304) and the N and G domains of Ffh (residues Met 1 to Leu 300) from T. aquaticus were expressed in BL21(DE3)-Rosetta E. coli cells, and subcloned in the pET28b vector as N-terminal hexa-histidine fusions. Proteins were expressed at 37 8C in LB medium. Soluble cellular extracts were heated at 70 8C for 30 min and clarified by centrifugation. FtsY and Ffh-NG were purified by metal affinity chromatography followed by gel filtration. The thrombin-cleavable histidine tags were removed. The FtsY-Ffh-NG binary complex was formed by incubation of stoichiometric amounts of FtsY and Ffh-NG in the presence of a twofold excess of the non-hydrolysable GTP analogue GMPPCP. The complex was purified by gel filtration and concentrated for crystallization. Expression plasmids for mutant FtsYs were constructed from wildtype E. coli FtsY(47-497). Truncation of the first 46 amino acids improves expression and has no discernible effect on the interaction with Ffh or on the GTPase activity of FtsY alone or complexed to Ffh. Mutant FtsYs were expressed and purified as for wild type 22 .
Crystallization and structure determination
The complex was crystallized by vapour diffusion at 4 8C using the Nextal crystallization pre-filled screening suites and tools (Nextal Biotechnologies). Crystals grew in 10% PEG 8,000 and 100 mM HEPES, pH 7.5, or 10% PEG 20,000 and 100 mM MES, pH 6.5, and were optimized at 4 8C and at 20 8C combining seeding and additive screening. Crystals were flash-frozen using mother liquor supplemented with 25% glycerol. Diffraction data collected at beamline 8.3.1 at the Advanced Light Source (ALS) at LBNL were integrated and scaled with DENZO and SCALEPACK
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. The space group is P2 1 2 1 2 1 with unit cell dimensions a ¼ 75.0 Å , b ¼ 83.7 Å , c ¼ 94.0 Å with one heterodimer per asymmetrical unit. The structure was solved by molecular replacement using the crystal structures of Ffh-NG and FtsY bound to GMPPNP as search models in AmoRe 33 . Refinement in CNS 34 and model building in Moloc 35 yielded the structure consisting of FtsY (residues Asn 27 to Glu 303), Ffh (residues Gly 19 to Gly 295), two GMPPCP molecules and 387 water molecules. All residues are in the most allowed regions of the Ramachandran diagram. On complex formation only, there is enhanced hydrolysis of the first 25 residues of FtsY as previously noted 36 and as also seen here by mass spectrometry. These residues are removed perhaps by self-cleavage within the sequence G24-G25-N26. Before complex formation this variable region of the N domain of FtsYzGMPPNP is relatively unstructured. Whether this is important functionally is not yet known. The first 18 residues of the NG domain of Ffh are present but poorly ordered in the structure. 
Kinetic analysis of the Ffh-FtsY interaction
Stimulated GTP hydrolyses by E. coli Ffh and FtsY were followed by monitoring radioactive P i release 23 . An approximately twofold excess of 4.5S RNA over Ffh was present to facilitate the Ffh-FtsY complex formation. The reciprocally stimulated GTPase reactions were determined in multiple turnover experiments ( [GTP] . [Ffh þ FtsY]). Varying amounts of wild-type or mutant FtsY were added to a small, fixed amount of Ffh (0.05-0.1 mM) in the presence of a saturating amount of GTP (100 mM) to occupy both GTPase active sites (K
